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Non-mendelian Inheritance in Mammals Is Highly Constrained
Luke Isbel 1, * and Dirk Schü beler 1,2, * In this issue, Kazachenka, Bertozzi, and colleagues identify elements in the mouse genome with epigenetic variability between littermates, a phenomenon linked to transmission of phenotypes over generations. This addresses two questions that remained unanswered despite intense speculation: how prevalent are these alleles, and what is their effect, within and across generations?
The vast majority of heritable sources of phenotypic variation are of course genetic in origin; however, rare instances of trait variation in the absence of DNA mutation (i.e., within inbred colonies) are known to exist and are of great interest to the fields of genetics and development (Daxinger and Whitelaw, 2012; Heard and Martienssen, 2014) . These inherited phenotypes can have profound effects over multiple generations, and there is speculation that this can be used to provide advantage while environmental conditions fluctuate without the need to acquire permanent genetic changes (Jablonka and Lamb, 1989) . This could also account for some of the complexity in human phenotypes, and the epigenetic factors involved are potential therapeutic targets. Critically, few established mammalian models exist in the literature, with limited evidence of the epigenetic mechanisms underlying phenotypic variation (Daxinger et al., 2016) . While limited in number, these examples have been regarded as the ''tip of the iceberg'' by many scientists who consider epigenetic inheritance as a likely explanation of unknown phenotypic variance. It is thus essential to comprehensively define the frequency of such loci and the magnitude of their effect size.
While several examples exist of nonmendelian inheritance in plants and worms, there are relatively few in mammals. The best characterized of these are the A vy and Axin Fu alleles that arose spontaneously within inbred mouse colonies; littermates display variable expression of these alleles and offspring tend to have expression states similar to the parents (Morgan et al., 1999; Rakyan et al., 2003 The authors search whole-genome methylation data generated within the BLUEPRINT reference epigenome project (Adams et al., 2012) for IAP elements that display high variability between biological replicates of purified B and T cell populations. Identifying variability is inherently difficult as hits can also result from technical noise, thus requiring rigorous controls. Employing extensive validation, the authors identify roughly 100 candidate IAPs with variable methylation. Critically, only a minority of these appear to influence the expression of adjacent genes. Genomic analysis by the authors suggests that the basis of metastability is not the sequence of the IAP elements themselves; rather, the local chromatin environment likely determines whether a retrotransposon will be metastable. This is supported by the interesting finding that variably methylated IAPs are enriched for the presence of nearby CTCF binding, a DNA binding factor that is linked to the establishment of chromosomal interactions. What is perhaps the most important result from this study is that rather than a trend toward general inheritance of these alleles in offspring, most variably methylated IAPs are efficiently reprogrammed during germline development and faithfully reestablish variable methylation between offspring of 
. Inheritance of Epialleles in the Mouse
The vast majority of evolutionary young repeats exhibit consistent epigenetic silencing correlated with a lack of activity. Conversely, a small minority of repeat instances show metastability, meaning their epigenetic state varies between isogenic siblings. Most of these are fully reprogrammed in the germline, meaning the parental epigenetic state does not affect that of the offspring. In rare cases (n = 3) the parental epigenetic state influences that of the offspring and thus shows inheritance of the epigenetic state. the next generation. This is perhaps not unexpected, given that most IAPs retain DNA methylation during germline development (Seisenberger et al., 2012) . Only one example of inheritability was identified from extensive investigation in offspring; however, its actual contribution to offspring methylation (its effect size) was relatively minor.
This study provides the most complete list to date of metastable elements in the mouse while focusing on a particular strain. Furthermore, it comprehensively investigates the functional role of metastability at those elements that, given previous examples, seem the most likely candidates to display epigenetic variability and potentially inheritance. While it is established that an epigenetic state can be inherited in mammals, and in fact, putative human metastable loci have also been linked to repeat elements (Silver et al., 2015) , this study hints toward a limited functional role for this phenomenon. Although it is conceivable that additional loci exist that are under the detection thresholds for variability (R25% variation between replicate samples), the low validation rate argues that technical noise produces many false positives below this cutoff. It remains puzzling as to why the A vy and Axin Fu alleles that were used as archetype IAPs for this study display relatively large effect sizes on adjacent genes and parental inheritance of the epigenetic state in contrast to most of those newly identified (Figure 1) . The authors suggest that additional genomic requirements explain the inconsistencies; the A vy and Axin Fu alleles were backcrossed into the C57BL6/J line for much experimentation.
Repeat classes tend to arise and rapidly propagate within genomes in large numbers, though these results suggest a hierarchy of genomic dependencies that must be met for such elements to display epigenetic inheritance properties (Figure 1 ). While these findings strongly point away from a general inheritance of metastability, this study gives essential context to questions of non-mendelian inheritance in mammals that remain largely speculative. Furthermore, it provides a catalog of useful elements from which to pursue metastability from a mechanistic standpoint. Finally, this report provides evidence that metastable epigenetic inheritance of repeats seems more of an exception to a rule, arguing for a rather small iceberg.
